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ABSTRACT

This report documents the procedure for generating a "real world"

ephemeris tape to be used by The Aerospace Corporation and selected con-

tractors in Phase 0 of the Autonomous Navigation System (ANS) contract.

A "real world" geopotential model was developed by modifying a state-of-

the-art reference geopotential, using Kaula's degree variances as a guide.

To obtain "real world" atmosphere daLa, the acceleration profile experienced

by the first in a recent series of low altitude satellites to have an on-board

low-g accelerometer was suitably scaled. The resulting ephemeris is

displayed and subjected to va.rIous consistency tests.

MIA
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SECTION I

INTRODUCTION

A "real world" ephemeris tape has been generated for use by The

Aerospace Corporation and selected contractors in Phase 0 of the Autonomous

Navigation System (ANS) contract. This ephemeris is based on an analytic

geopotential force model and an accelerometer data tape (in lieu of an atmo-

sphere model).

To serve as a reference and a standard for comparison, a "'model"

ephemeris was also generated. This model ephemeris employed the same

initial -onditions that were to be used in the "real world' ephemeris and used

force models that are representative of the state of the art.

Indepence~nt of the model ephemeris generaLion, a geopotential nmodel

which simulates the real world was developed. To represent tle atnmosphere,

a span of accelerometer data was taken from an actual satellite fli,:, whose

orbit was quite simiolar to that chosen for the reference. Those accelcrations

were scaled to meet certain criteria to make them suitable for use as a real

world atmosphere repre sentat ion. The detailed development of these modeIs

is described in the %llo'.: sections.

Comparisons between the model and real world ephemeridos were per-

formed to ensure that the real world case satisfied certain consistency tests.

Figure -1 shows diagrammatically the tasks described above. The

work on each task is docurnentpci in the section noted parenthetically within

the box describing the task.
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SECTION II

INITIAL CONDITIONS

The low altitude reference orbit for the ANS has initial perigee occurring

within on-'-half hour of local noon at approximately 45°N latitude. The initial

apogee altitude was 200 n mi and perigee altitude was 80 n mi above a spherical

earth; its period was about 89.7 min.

Epoch time for this orbit was chosen as 2230 GMT on 29 February 1980.

The initial conditions are shown in Table II-1 in four coordinate representations.

These are conditions at an ascending node for an orbit having the previously

described charact eristics.

The first set is an earth-centered inertial (ECI) set which has as its

refcz-er.ce plane the true equator at epoch and as its reference direction the

mean equinox at 0 hr GMT of the date (f epoch.

The second set is an inertial spherical coordinate set having o and ¶, as

the right ascension (measured from the X axis, positive eastward) and geo-

centric latitude (declination) of the vehicle; ý1 is the angle between the velocity

vector and the geocentric vertical (the vertical flight path angle): Az is *he

azimuth of the velocity vector from true north, measured east'vc, r. on a plane

normal to the geocentric vertical; and R and V are the respective magnitudes

of the position and velocity vectors.

The third set is an earth-fixed spherical coordinate set having X and d

as the geodetic latitude and longituae of the vehicle; -y as the angle between the

velocity vector and the geocentric horizontal (the horiz.ontal flight path angle);

and Az, R, and V as nreviously defined.

The fourth sat is the classical element set, where a and e are the 'enli-

major axis and eccentricty, respectively; i iz the inclination of the orbit planeý

O2 is the right ascension of the ascendirg node; - is the argument of perigee, the

angle between the direction of perigee, and the line of nodes measured from

ascending nod,, to pe-rigee ; and r is a reference time indicating the time ol la st

perigee passage in minutes from epoch.

3



Table Ii-1. Four Representations of Initial Conditions

(1) Cartesian (ECI) (2) Spherical

X -f. 59387494563EFL7 ft ? 136.390753744 deg

Y 1.51851714534E+7 ft 5 1. OE-20 deg

z 3.84199431557E-15 ft P 90.7298014230 deg

X 6. 16441282935E+3 fps Az 340 deg

Y 6.00674668844E+3 fps R 2.20130059195E+7 ft

7 2.36312409387E+4 fps V 2. 514()8815029E -4 fps

(3) Earth-Fixed Spherical (4) Classical Elements

0 dCe a 2. 17763946Q16E+7 ft

o 360 deg e 1. 67413647743E-2

-0. 7298014230 dc_ i 110 deg

Az 340 deg Q 136. 3907;3744 deg

2. 2013005(919)5E+7 ft 131. 113639651 deg

V ;. 1498815029E+4 fps -57. 36926627 rain

4



The Greenwich hour .ngle at 0 hr GMT of the assumed epoch data is

157. 9667413 deg. This value is necded to facililate transformations among

these four representations.

The reference ballistic coefficient (CDA/W) for this vehicle is 0. 02 ft /lb.

This value is considered typical oi future high drag satellite system

configurations.

5



SECTION III

"MODEL" EPHEMERIS

The TRACE computer program (Ref. I and 2) was utilized in generating

the model ephemeris. The initial conditions previously discussed were used

to generate an ephemeris for 20 orbits s-_.anning approximately 1-1/4 days.

Force models used in the model ephemeris included a 6th degree and

order versic a of a Guier 8th degree and order geopotential (Ref. 3), and the

Jacchia-Walker-Bruce atmosphere model (Ref. 4). A 90-day mnean of the

10.7 cm solar flux F 0, denoted FT0, is used as a reference about which the
10 2

short-term decametric flux is measured. Values of F0 Fo 0 = 220 w/M /cps

were used in -he model ephemeris. A value of the planetary magnetic index

ap P 20 was also used. Appendix A contains a serieb of plots showing the

ground trace of this veh'cle as a function of time. For reference and for later

comparison purposes, Table III-I gives the times and ECI coordinates of the

vehicle at each ascending node.

Preceding page blank
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Table 111-I. Nodal Conditions for "Model' Ephemeris

Time of Ascension
Nodal Cross

Rev Mo/Day/Yr Position (ECI) XYZ Velocity (ECI) XYZ
Ho. r/Min/Sec/ (ft) (fps)

0 2/29/8u, -1.59387495E+7 6. 16441283E +3
22/30/,l. 00 1. 5183 17 15E+7 6. 00674669E+3

3. 8419943 2E- 15 2. 363 12409E+4

S 2/29/80 -1.59849728E+7 6. 14526310E+3
23/59/34. 88980 1. 51290676E+7 6. 02746746E+3

-3.42450058E-4 2. 36342563E+4

2 3/1/80 -1.60306694E+7 6. 12582532E+3
1/29/9. 04968 1. 50749261E+7 6. 04818772E+3

-1.27921077E-3 2.36374575E+4

3 3/1/80 -1.60763279E+7 6. 10595310E+3
2/ r3/42.38501 1.50203121E+7 6.06958938E÷3

-3.933447 18E-4 2.36408159E+3

4 3/1/80 - 1. 612223 26E+7 6. 08579606E+3
4/16/22. 60609 1.49651661E+7 6. 09047463E+3

-3. 21860488E-4 /. 36442966E+4

5 3/1/80 - 1. 61677347E ý7 6. 06616627E+3
5/57/46. 87890 1.49098307E+7 6. 11094373E+3

- 1. 29691562E-3 2. 36478441E+4

6 3/1/80 -1.62126068E+7 6. 04703706E+3
7/27/IF.02516 1.48546061E+7 6. 13214743E 3

-5. 61057958E-5 2. 3652798E+4

7 3/1/80 - 1. 62574412E+7 -'. 3-21- 3290E+3
8/56/48. 31871 1.47994091E+7 6.15356280E+3

-1.34453 140E-3 2. 36544996E+4

8 3/1/80 - 1. 63022491E+7 6. 008147 12E+3
10/26/17. 81324 1.47441?90E+7 6. 17471305E+3

-4. 84307362E-5 Z. 36575294E+4

9 3/1/80 - 1. 63468743E+7 5. 98856274E+3
11/55/46.47345 1.46889614E+7 6. 19570106E+3

- 1. 26815078E-3 2. 36603321E+4

8



Table III-I. Nodal Conditions for 'Model" Ephemeris (Continued)

Time of Ascension
Nodal Cross

Rev jMo/Day/Yr Position (ECI) XYZ Velocity (ECI) XYZ
No. (Hr/Min/Sec / (ft) (fps)

t0 3/1/80 - 1. 63916332E+7 5. 96833727E+3
13/25/14.30215 1.46338136E+7 6. 21608673E+3

-4. 18009639E-4 2. 36630337E+4

11 3/1/80 -1.64363722E+7 5.94752069E+3
14/54/41.38993 1.45783174E+7 6.23585677E+3

-2. 46736766E-4 2. 36659569E+4

12 3/1/80 - 1. 64807430E+7 5. 92644969E+3
16/24/7.75793 1.45224105E+7 6. 25589753E+3

-1.30417512E-3 2. 36690683E+4

13 3/1/80 - 1. 65248655E+7 5. 90592687E+3
17/53/33.34407 1.44662676E+7 6.27676825E+3

- 6.3 1984487E-4 2. 36720090E+4

14 3/1/80 -1. 65687876Et7 5. 88630149EI3
12/22/58.06510 1.44100661E+7 6. 29783075E+3

-6. 78497093E-5 2.3 6747 293E+4

15 3/1/80 -1.66124592E+7 5. 86662222E f3
20/52/21. 87667 1. 43537098E+7 6.3 18636421E:+3

-3.22734601E-4 2.36775153E+4

16 3/1/80 -1.66559668E+7 5. 84642459E+3
22/21/44.7 8377 1. 42970491E+7 6.33(35065E+3

- 1. 05750460E-3 2. 36805229E+4

17 3/1/80 -1.66991600E+7 5. 8250777 1E+3
23/51/6.84696 1.42403605E+7 6. 35945009E F3

- 1. 30152780E-3 2. 36837258E+4

18 3/2/80 - 1. 674 18053E+7 5. 80526738E f3
1/ 20/28. 09812 1. 41837185E+7 6. 37 930 109E+3

- 1. 32891135E-3 2. 3687 1 19 qE+4

19 3/2/80 -1.67842644E+7 5. 78411142E +3
2/49/48.44448 1. 41266781E+7 6. 39985057E +3

- 1. 32615034E-3 2. 36906835E -4

20 3/2/80 -1.68269602E+7 5. 76259368E+3
4/19/7. 90466 1. 40690575E+7 6. 42012503E +3

-1. 30997504E-3 2. ?6943783 F +4

9



SECTTON IV

"REAL WORLD" GEOPOTENTIAL

A. SIMULATED GRAVITY FIELD GENERATION

For the real world case, the geopotential was expressed as a spherical

harmonic expansion of the following form:

J N 'a n f
U = +M = I + e)noPn(sin 0) + P ne(s in 0) cos mX + S sin mX

r a 4r 1 no n n nm nm m)J
n=- m=1

(Iv- I)

whe re

U = geopotential

GM = gravitational constant times the mass of the earth

a = equatorial radius of the earthe

r = radial distance from the earth's center of mass

S= geocentric latitude

X = geocentric longitude

pm = normalized associated Legendre functions
n

Cnm' Snm = normalized cosine and sine coefficients of the nth degree
and mth order

When the gravity field is expressed as such a spherical harmonic expansion,

it is completely described by the choice of spherical harmonic coefficients

(C, S). This study thus required that a suitable set of C's and S's be selected.

The set of spherical harmonic coefficients used for this study was

generated as follows. First, a set of C's and S's was selected from one of the

currently available geopotentials published in the literature. Second,

Preceding page blank



Table IV-1. Gravity Degree Variances

Mean of Coefficients
with Standard Deviation Mean of Perturbations

About the Mean with Standard Deviation
Degree of Reference !"bout Mean X 106

2 -96.6 ± 216.6 0.0015 ± 0.036

3 0.798 ± 0.853 0.0072 ± 0.019

4 0. 154 ± 0.525 0.0123 ± 0. 120

5 -0.094 ± 0.361 -0. 028 ± 0.075

6 -0. 152 ± 0. 216 -0. 023 ± 0.054

7 0.026 ± 0. 192 0.0018 ±0.045

8 0.026 ± 0. 131 -0. 0069 ± 0.036

9 0.013 ± 0. 118 0. 0055 ± 0.042

10 -0.023 ± 0.095 -0. 009 ± 0.035

11 -0.036 ± 0.076 0.014 ± 0.027

12 -0. 0014 ± 0. 109 0.0039 ± 0.033

13 0.015 ± . 0. ,,, 0.0083 ± 0.028

14 0.015 ± 0.081 -0.0036 ± 0.029

!5 0.0081 ± 0.063 0.003 ± 0.032

16 -0.0151 ± 0. 0685 -0. 0095 ± 0. 0278

17 -0. 0032 ± 0.0539 -0. 0003 ± 0.0268

18 -0. 0043 ± 0.060 0. 0006 ± 0.030

19 0.0036 k 0.051 -0. 0022 ± 0.029

20 -0. 00066 ± 0.025 0.0037 + 0.022

21 -0. 0020 ± 0.011 0. 00052 ± 0.02q

22 -0.0011 ± 0.015 0.00012 ± 0.023

23 0. 00055 ± 0. 023 0. 00284 ± 0. 020

24 0.0027 ± 0.010 -0.0012 * 0.021

12



perturbations were then algebraically added to the set of coefficients in a way

that left the lower degree features of the field unchanged but introduced

increasing amounts of variation with increasing degree. Thi-d, additional

coefficients were generated for those terms not provided in tl.o original set

to increase the degree of the resulting simulated gravity field to the maximum

size -ermitted by existing software.

Perturbations to the reference field were generated in the following

manner: First, a degree variance was chosen for every degree 2 through 24.

Table IV- 1 shows the degree variance used in generating this field, the values

obtained and published by W. M. Kaula (Ref. 5), and the values ubtained from

the reference set. As can be seen from the table, the degree variances were

chosen to introduce very small perturbations in the lower degree field with an

increasing variation as upper degree fields were generated, until finally at

19th degree a field would be produced that roughly obeyed the properties

reported by Kaula.

For every degree variance of Table IV-I (column 1), a set of coefficient

perturbations, AC nm, AS nm, was chosen from a random number generator

such that the sum of the squares of these coefficients would satisfy the equation

n
2 1- -2 (Iv-2)
n 2 (n 2 L nm nm

gn(n - 1

2.
where Un is the degree variance and g e is the mean equatorial gravity.

Finally, the coefficients generated by this process were algebraically

added to the coefficients of identical degree and order in the reference set,

and the result was then used as the final representation of the earth's gravity

field.

Using the above method, a field was generated complete to 24th degree

and order. This field above 19th degree is, essentially, a random field

conforming only to the constraint of Eq. (IV-2). For 19th degree and under,

the field is a slightly varied form of the reference field. This can be seen

13



Table IV-2. Geopotential Coefficient Statistics

Degree Variance Degree Variance Degree Variance
Used in Generating Reported by from Reference

Degree Perturbation (mgal 2 ) Kaula (Ref. 5)(megal 2 ) (mgal 2 )

2 0.005 7. 7.6

3 0.01 44. 33. 9

4 1. 30. 20. 9

5 1. 10. 21. 5

6 1. 24. 20.6

7 1. 3. 18.2

8 1. 23. 13.5

9 2. 22. 15.5

10 2. 15. 14.9

11 2. 18. 15.0

12 3. 7. 33. 0

13 3. 15. 23. 5

14 4. 23. 30. 6

15 6. '2. 23.0

16 6. 6. 34.1

17 6. 12. 24. 3

18 9. 19. 36.o

19 10. 10. 30.

20 7. 7. 8.7

21 14. 14. 1. o

22 10. 10. 4.0

23 9. 9. 11.4

24 11. 11. 2.7

14
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more clearly in Table IV-Z, which gives the results of averaging both the

reference set and the perturbation set of coefficients over all coefficients of

the same degree. The sigma presented in Table IV-2 is the variance of the

coefficients of a particular degree about the mean of the coefficients of that

same degree. This sigma should not be interpreted as any measure of

accuracy of the coefficients but is included to provide some measure of the

variation of coefficients of a particular degree.

Table IV-3 presents the final set of coefficients generated for this study.

These coefficients should be used with the expression for earth gravity potential

given in Eq. (IV-1).

B. TEST OF SIMULATED GRAVITY FIELD

The field specified by Table IV-3 was tested for its effect upon the

nominal orbit. This test was conducted by performing trajectory difference

runs with TRACE (see Ref. 1). These difference runs were performed by

taking the nominal epoch vector from Table II-I as an initial condition from

which an orbit was obtained by numerical integration of the gravity force

model. The same process was then repeated with the perturbed gravity field.

The difference between the two orbits at identical times was then resolved into

in-track,radial, and cross-track differences.

First, a difference run was made between the Guier n = 6, m = 6 model

("model" geopotential) and the reference model. No atmosphere model was in-

cluded. The purpose of this run was to establish a baseline for the behavior of

a high-degree gravity field. (The Guier 6.6 geopotential uses a value of
3 2

GM = 1.4076538841E+16 ft /sec , while the reference model has a
3 2

GM = 1.4076468597E+16 ft /sec .) Figures IV-la, b, and c show the

behavior of the in-track, radial, and cross-track differences. The in-track

difference shows a secular growth com.iponent of approximately 770 ft/rev

together with a periodic component with a maximum excursion of 1500 ft; the

radial difference shows a periodic variation with a maximum amplitude of

approximately 700 ft; the cross-track difference has a maximum periodic

difference of 1300 ft.

15



r- 10 %0r' l 10 10 ID% a - 1 -- 1

I %%00 11 o - r- c~ I II I I D Ioc1
0 a, cn 0000 00000 0000000000) I r

Lf) C4) It IN) N (N 0 10U)il -,o N cq id O'O'O

Z)I I I Ii I I I I I I I

E %D000 0000) r 0 0000c 0000 Ný % u)N N00 0,N l000000vLr

0 Nc-r~ 'ocv '.- 0 0 .t (qN -NL)0 0 r N N N-(1 ,
o c-L u I m N t In :-r I o a-0 In t ý a'' C 'ON 0 IN' 0

x mw xmm m x cr a , a , a, a, a a, a3,o

- ~ ~ ~ ~ ~ % Lf %D.~ 0N10-t~r 0 N ~ f ~ f '

000 0 0000 000L) o D00 0 0000000 L) 0

000 00vr00 0 00 00 0000 00 q 00000 C) ,

1 66



r--r--~ i r- '.- '0 1 'O 10 1

- 'o a, t aN N' r- 0-r- (1) '0) 'DIO

On 00 %0 ID M l r- c r % ,r o v -ý - -or- COv n ,c~jao ,

'D-0-Ll - o'o ~ -- -o N N0 V t- 10 an 'o Lfn

I1 0 r I I I t I 1 I0 1 1 0 r - -)r D it- i

N It M I aO c, w a, -I mC q w q C N' m0t ami' m 0 m - w -0

o 0010 tl -q , cO0.It m m cLn U')0m 0rr- -- C m M cq Ln (%-V 'DN
E C; C;C;C C ;0CO 'C O-; C; C 0; S-N-0

000-.-.-.0000000000 -4ý--- 0 0 000 00 0

N Nq N- N-- ell m 'm0 nmmcnmM0 n

r- r' - %0 oor- 0 r-- ' I '0oC 'D0 N1r I INN- i0 It- r

v M W ro i M ND 1
""C m 0 C7, 10 1 000x om C7O- 0' e~ N Nn m wCJ'

0 0 c COO '00N %JC '0r a- r- co r-t- 10 c'-3C-

- I C- 1 I 1 t - i r c r I I I- o I I I- cc I I I I Io I \0 I

o- N q '0 CO N Os NN C N ND 'O:r ' c
E m t- isO 't aN u t- CON Iu itv10c- IN IP- CN In I (n isO-r IDO

-- ms ~ b ' W(q~ Lr - "4 0WEI I t -4qN(
E ~ ~ ~ ~ ~ ~ C CON O'UN0C 6 6 6O0NC~

11



N 10a'0 N m qq r- w CN ' -0 NI

(0 m~r - r "tNmU)wL -me

-00 0 000 0000000 0000000 00 0000
(1- 00 r- I 0 I i - r -I C - If - r - t I I a I- 0 - t I I- I

O ~ ~ ~ ~ ~ I1 I II II Iz I I4 4 I II4 W
Ur -- x - ~N r- ~ z o -L

C) 0 0C, 0, -n-i ' ()-C 00 0 o00 0~-D L IN~ n

10 0 It Iv- It C (7 C I Iq I `0 C IR4 c- v 00 In I0 l C M X I"t

2 - - - - *- -- ---- cc ococo---C- -----

N Nr~-f N- r- N N~ N-r -r 0
x tý INN I tI IN I0 1 1 1I-r I X 00 rNN C, NC'NN

O'0 f L'-0 W14'0 00~ Wc0 c 0- ONI' m C

N-,o ,amc, t Ln ID r- 10 0' c1,10 m c m 0 C N -r a'NN a

x - omD OV~flC -' -CW~ X a, r- - V o N '1, N- w 0 I"0
U- 000 00 0000000000000000 00000000D

m NN)N - ' 00 tn r 'l0~. N 1- rN NC N ,0C, ' ,
Ii I- IN IN INN INN x~ `0INNC 0C C)N m ~ m a0 I0 I-u) NN

U*NO-Cn Ln'n. rn o0C o r,
Ct N ' N- O ~C4U ~ ~ ' 0
-D C;f.' ~N ~ l C -.-

00 0 0 0 00 0 0 0 0 00 0 0 0 0

M~ Va0 N~~ U-) U'DNr 0 M M Ln C 0NC . LrC\0

It --- - - - - - - - - -- --- --- -

18



Nr Nc r-N NrN -

00 10 '- Ln~' m C-r-X mxCC' J ,m - .-)v -0

I- I I c r- I0 1 I- I I Ic I r- I

NN '0 Nf NN oN N, N- N NNNN I

rj0 XOflf N NJ O a, 'D cLc.Qr--rr- f - a' C, N n"r c'()

r" - con - ,. O O OOOOOC~o o o 000000 "0 L ý 0 o

N CM Nr NN N flN v N[ m- N 'I,

rI N r\ N m I l N rQ- ml I j fli I~ I~ rl Lz2 l i Iq N 12 2i ^1r ri

m 'D tnL)Vc -r - sJc 'D ~ c ro- 0 N-V U).1"Ncior, ~- 0 r l

C - C L' -r ý 0U C ~ L ~ N 0 CC -V0 D P(jr CL --

-- M O OO-o oo 0 0 0 0 00Z0D0 0 0 0 0 0 0 00C0

I--

m IN, INO I I NN I- t r N I I

-o - <, c j :c t

cc ) It UQ NN~1 ? c- N Lr) Cf- r- r~Nc c Yl

I D 0 0 0 00- -- - ooCc cooo0C 0-- ---

x w x x x or, x cccccccc c -j- ýý_x a C, C crC c C C c c a - c
-- - - - - - - - - - - - -- - -- - - - - - - - - --- -

19



ar - -t - _____00 _____-rr -r-r 0r

m ) n , e i m' 00 0 (- 00 nf-C ' D N 
9

0)L L)-
-- Lc0~in''n Nv o0O nr -a---Lnmr 7 -r

M 0 r- M 0 r-0r m M~a N~N fi00 I') lowo NOOM om -j

00 00 00 0 0000 00C'r000 0O00 0000C-
I I - w x l t- 1 0I 1 - I I I I I I - 00

NN0 r r N NN c-NNLc o N N~ 'o N - N- (

E Cý

~ N~ 0 N C N ' O ~ fq NO

S.' 00 00 0 t-000 00000 000C 000 0

I I 4 L I I L4WI

W WrfNC0-\ W -WWWr - W W)JW

NN N N NN N NMN nNNMo

OC N-I'Nr C C

"I r- I -I o o M I I C l IC I- M I, I' Io a - Ir r C- I7 ID

N j rnN N N I N ND N mN NNt m(

N I I I IN I IN IN N ~ N N 'I I N 'I IN

~NCN004 ~ 'WOC0



r-. c'- N-r -N '-r-r- N ~ i'

NN) 0 a- ai IN0i 'o C-iN N I,

10 10 ) C, - OU "c N a VL L nUI a,0 0"
a,1 U) MU) n' ý f f) CLo 0Lr 0 n 7 -ý-' njoc ' r- 0 ou

000 oo o o oo o o oo o o 000000e N c 0 t0 NN nt -m'

U

t-0 0r-r-- r-r -r
NN '0 N o NN 00 N N- N- NNNN-' - - r-

4J) Ir eN 0N 00N I, INN Ir I% un NrN I I N
o 04 (Y 0000 1'DL)r-C Vr a-a ý -0 ' t ,0

ID 0If)Lo -o ý" a ýo n LnL)r ot ,L L, ' LfN M

.u r- ma 0 - u- m -r , U-

a- N y Na- N -O -N ---
INN~r I- -3 "NN N'NI I~C 0 I I O N I 1 IN-C

I. I- r- OI I I I I I 'o I- r I I

N Nc tpN NMZC NNN ~ C

C) -a,0 0 0 c N - t N r] ~ 'u-0 0 m-- 'D

M r- r~ . u

Vc 00 0 0 00 0 0 00000000000000000t

I_ I II I I 1 I I- [I.

m -- Ln- .-- ) --n -I- C0- - -)- N -

19



-D 0c 00cr- a() r- t-r- r, 0t'-

o~ ~ N N Or- w ~N 1 Oa In

U2~

U

0- Lr- r-r- r'-r-0r-l
u ~ r- CO - a -ir-a N r-u

ColL)0 O ~ r r- - 'o w
v m m rr- - w0oNr- lt

C\3 N N N- c c

~ ~r- cc ccr- t- xr

t-ca cC t - lL a U'

ooýr- cc r- (\J

.~00

N N o- , a icr 0r-r- i ir-

cc N r- , m c r- -- rN f n



Next a difference run was made between the reference model and the

model defined by Table IV-3, the simulated gravity field. These in-track,

radial, and cross-track differences are presented in Figures IV-2a, b, and c.

The in-track difference shows a secular growth of approximately 280 ft/rev

plus two periodic components: one with a period of I rev and an amplitude

ri approximately 800 ft and the other with a period of about 12 revs and an

amplitude of 1300 ft. The radial difference plot shows a I rev periodic

component with maximum amplitude of approximately 700 ft, as does the cross-

track difference plot. As before, these data do not include an atmosphere

force model.

It was concluded from these results that the simulated gravity field

produces orbit perturbations which differ significantly from those of the

nominal gravity field but which are not unrealistically large. The results

of these difference runs should not be interpreted as estimates of ephemeris

uncertainties, since by suitable orbit determination techniques these differences

would be drastically reduced in actual practice. The plots illustrate one of the

possible shortcomings of this simulated model, i. e., the field is too smooth.

Although this field is as extensive as the present state of the art, there is

reason to believe that a 24th degree and order model is still significantly

smoother than that experienced by a vehicle moving in the earth's gravity

field.

22



_ _. .. . -"-•-I-..- (-

-' .. .-- -.----- - - -- - -

4 fA,,9

-T) "

_. ...... -2.--

_ _-_- -_ _ i- -- ..------ - T

"-"16 0.1--.--1LS. -. 5 . .. IZ

--

4

ll I li,

- -I- - ~ ~ Fj T - i-- -

IL J ~ I -1
-4 

4 

------- __...

A 1 I i I

I -au 450. rZO 75 u JU Z 150.
- ~ TIME (MIN)



I fiK77T7T<~ 1 , -T77

11.11,1' ] 1

........ .. .... ......

S. ~ ~ ~~~I _ _.L. ilIl

• •i I]-- - 1•i- : A~i

4- t 44 .

~it- I

iii '-" ..94v -I - - [l...-i,],-- ---- + i d-

t A

H 1.1 A-4

4- ---- A- L•..

I 1

-4- - p ~II

250 240 Z50-'v 0 80 35. 3 U I -iU

Fiur IV ia In c D iffrneB ten" oe"(
an Reeec-eptnil(9 9



771pf7 1
ii If

4 -- ii 77 7-: 7- 7---

___ .-----------------------

' , i. - -i i I- I

t! if.

1,1- --4

4-- -- -r er A

J I

2750. 8 -. 230 3050.

and _ , -e ,

41-23,j4 V 4! • 9SF
'F -''1  I

I-- - -I- r - ...

S....Y1 Hz ~

Figure IV-ia. Intrack Difference Between "Model" (6, 6) Geopotential
and Reference Geopotential (19, 19) Atmosphere

23<

' -j



T

-~A.-

• • • II I I _ | ~

7 ----- ... . .. . I _*.i. . j. .fI 'i I "_"+ -+ _ - ;+,;; : '

- -- T- -

_ +_ __. ...... ~- A, --

l : • ' - • • - - - - i ---- -' j• " i-7_i I -l . .. - . .. .. i -.. .. .. .. .-

- j ~ [1 ..... i
_ t _--- 4 - N - L

-- I _-. - "~ - t-i 'i ,I i - .--

I W 4 .1 . 1 7 0 18 0 .- II5 - O 10

*j*_-I-_ -j.- 'i+ ,-- ! • ! -t
S. .. z4- L i j 4 ...... --

__ __~. __ ,__ ~ tx+ _,L2

"", T IM- (--N

PrecedI i1 pag blian
S...... I v i I I I l - I • + ' . ... -+++



§ILJ-1 ----- P-4-L
V1.--, -----• ,1,.i i -ji_ I1T-2t

_ i • - I '

4--±

Figur .,-... IR Di f e nc IBetween "M

---- -1 - il '--....-- - -t- _.

S i _+ _+_,' - , -

. _ -_ __ 
.. .. ! _ L_ 4.:

- 4 . - - t. . ..~] I-• _ - . . .' _

S- h-____ - ____....__ I-
- -A T I T -FT -- ,. . .. F I.. -

--7,-: 1 'I

I 7j771 i' " -I -r K-I ' • ~

•- • -- : --I - - l- ---+ - --+I - : -, - ---- -__ --_+ +. ... ..:--f * - . ...- -- -- .I. . I

_____ ' : I F+ . .+ , . :

i"=t,, "T I I--t--i-'- --T-F.-. +i--l /lI+j
: ~ ~ . ..: "" ' .. . . . . . . . . . . . . .7 . . . . . . . - -

Si 4 ' 4i i , , - - ' i - . ".. . . . .". ... 7 - I-T -- D- l

.__;Figure...-ibRadial.Difference Between 'Model";



1 ý

I4 _ _-----

4+1: ftt' - -- - - .-

-Ft9

1:. . ] : • I ! : i : • t i I V , ' +'. ..

- - _ ._ - _ _.... .. ,- .. . -- - - ,---.

t , ! i I i ! , I i I • , t i I I 1 I :1 ~ : I /.I _ A i lI i

•_:[ -•!-I .. • .! !_ , _ H ------ • :H--KII N .. ,...

1-i.. - ---, - --- --: -- : "• . - . ! -

__ - I !-

F-i gur . -I b R ia Iii i B etween "M o/ I"an _i 25

__. ! - - L •.. __ _: L _L I _ I... ____,________::• •I + 1 ' i +• -

Si i : • : I ip p .t:!
I. , ,+ _ _-: ' .

I ... _+__ _ ...... 7V 7,77, 71 .+7,P +
_I _, ...v- -+ -

S i I 1

Figure IV-ib. Radial Difference Between "Model" and Refercilce
25

C-



- -~i~ 
........ ..-.

::. - I -

-V -z -----
F.~ za r

-1 - - 7~- 
.

--- --

+. +_ 
_._ 17

1. 4

-tý

2 -7- -+ - -

II

Preceding page blank



P1T

I.. ....- ... ..

iT~~~~~~jI Al1 iz : zz t :zJ~~

Iti

VI a -

4--

I J -I -
14171 - 7-

Figure IV-ic. Crosstrack Difference Between "M



-- 4 
-

+77L CH



~~~~1~~~-- - I I 1 i I- ' -- ---

W'-1

- - 7 7 --

- 1 t -'-~ '- - ---! , I . . . .t . . . . _-_.. . . ,- -:

I -1- I I f-...... ...+T . ..-..

I4 W~-: I W---.-!

. 1w -t-.,- -

I v

r F I

•.. -- -_ - --zlz--, --

--- . -- I -:~..--- !.7 1 .

K.- II
-.- - - - -. . - -.-------.---.- _ .. . . ..

I 6

- - 'I

S~ ~ ~~~~~~. . . . .. . . . . .... . ... .. . . ..- -, " • ... . .... ... .. . .

V IE ' 4x-K7....-v-.-. --

V <-I - 4 I i-- ..... . .. ___•

"00 TIME (MIN)

Preceding page blank
&1



IV

.... 1 " .. .

I 
&

---- A+--- -- --- ... ..

J i 

-
- ............ 

..... ... i ... . - ...-. l----*

2250 2 0 .-- -. --_
.. . t

F i . ...... / --- 

Difference 
[ 

........ 

. . .......

"Rea --
rl- -l,- 

--

.. .. .. 1.... -..

------- 
-- I.... ... i . .. . ..i1!

wi u eIVi tIn r c D f e en e a tw e ef r n"R 
al W o ld*G op te ti l



K1  A1

7= -7"7

_77 K -17.

-7 - ... ....-. -

i I
2650. 2 7 5. - - - - - - - - - - - - - -

Figure IV2a Inrc ifenc 1 ±w Rfrnc n
"Real World" Geopotentials

29



ýil a

- 7 r !I 
I. -

I wI i i " '

1.11 Ai 1: t

- I. . ,,... .,
-

-- -. 4-----
L . | ......- 

- - ...-.1..,1-1 -

-7..

1•0 550 650. 50.- 150:..0 0. 210
DO T IEMIN

Precein page b...lan,..* 
. . -1-.- -

8.... r --.-

__ _I -....-
II

It it - ~

,- [- 
-_ t -

4t

I. . I . I.O .• IE . , -

°"TIME UIIN)

Preceding page blank



S 1I i 11,74211111 - _ ... bEFV•

1.7- ttt

-• -4- ... 4- -. - -7

_ . I . ? t. _

- - -

447- -T7-

-77 7- +r - ---------

. . . .. ... . .

+- - - --. --- 7 - 7-77 m .

I_ A, -- ý

-A

r~J : , --

L 1

-. -- K-- K__ _

-d. _ 1 1

:.14

I-F

35- 450 750 Z3050

Figure IV-2b. Radial Difference Between Refer
and "Real World" Geopotentials



I A 4 z i ... 2 z I,..... ..~.
... ... .. ... H

.... ... .

-14

I I:. i. .

-. ..... ... . .

.. ... .. . 4...

V; -1 - - 9

I7 i I7I T I

-- o .7 0 2 5 . 5 0 3 0 ---- M o -- 0.-

Figure~~_ IV2b Raia Difrnc ewenRfeec

an " e l o ld eo o en i ls3



ITI

L774194_,, - _ -

7i " ---- t.

-- --- -------
,l

--t:

_ - --- --7-

S_ F ___IIi

-vII z- -

i-1.%U 7' 1t70, 
1215+0t

*" TINIIE (4IN,)

Preceding page blank



-li 44~7t

.. .... .. -. ..

t I T

.~ .. -. - .- ..-

I A
F: 7 -:11 t-

I~~, I~~1~~-

Figure IV-2c. Crosstrack Difference Between Re
and "Real World" Geopotentials



iLw

.. ................ ...... .. ..
IT, .. .... ....

.. .... ..

... .... ...

4 8-.

79-

44 04
.50 25. 80 50

Figure IV-2c. Crosstrack Difference Between Reference
and "tReal World" Geopotentials

3 3 
-



SECTION V

"REAL WORLD" DRAG MODEL

To obtain real world atmosphere data, the acceleration profile

experienced by the first in a recent series of low altitude satellites to have an

on-board low-g accelerometer was utilized. The orbital elements of this

density measurement system (DMS) vehicle were quite close to those of the

reference orbit. This suggested that the accelerometer data from the DMS -

suitably scaled - could be used as an input real world drag profile to the ANS

reference vehicle. Approximately 20 revs of continuous DMS data were

available for this purpose.

Figure V-i shows a comparison of the model drag accelerations and the

raw DMS sensed accelerations. It is readily seen that their amplitudes do

not agree, nor do points of nmaximum ,'erna in the two sets of acceleration

profiles occur at the same time. Approximately 240 sec of data was dubbed on

the front of the DMS data and a multiplier, determined by the ratio of the total

time spans, was then applied to the result to force alignment of the points of

maximum drag. Since the orbital periods were very nearly equal, the

multiplier was quite close to 1, specifically 0.99770736. This resulted in the

situation depicted in Figure V-2.

If this data were used directly for real world drag acceleration without

further scaling, it is possible that the resulting integrated real world

ephemeris would have times of perigee passage out of phase with the times of

maximum drag force. Also, the magnitude of the perigee drag acceleration

itself might have appeared unreasonable in the absence of any scaling. To

prevent this from occurring, the amplitude of the data was scaled so the

real world energy loss would be the same as that of the model. Specifically,

the energy loss is directly proportional to the velocity loss

aV = faD dt

where aD is the drag acceleration.
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The accelerometer data scaling was done two different ways. In the

generation of the real world atmosphere data reported on herein, the energy

loss, or AV, was preserved on a rev-to-rev basis. A second candidate

real world ephemeris was also generated in which the total 20-rev AV was

preserved instead.

The slight differences between the two real world ephemerides using

rev-to-rev AV scaling and 20-rev AV scaling were considered negligible and

the former case was chosen, albeit somewhat arbitrarily, to be the real

world drag profile for this study. Although the DMS vehicle's perigee was
2

about 73 n mi, it had a lower ballistic coefficient (0. 008 ft /lb) than that

chosen for the reference vehicle (0. 02 ft 2/lb). As a result, the rev-by-rev

velocity loss for the DMS flight was less than that for the reference orbit.

Each rev of the DMS data was scaled by the ratio

AV loss reference
AV loss DMS

which is a number greater than 1. Figure V-3 compares the now-normalized

DMS data with the model drag profile. Each rev of both orbits imparts

ihe same energy loss to the vehicle, but the real world drag at any given point

within a rev generally differs from that of the model. As Figure V-3 shows,

it would be extremely difficult to reproduce the normalized DMS acceleration
4

profile with an atmosphere model.

The normalized DMS drag profile was written on tape in a format

suitable for use as an accelerometer input to TRACE.
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SECTION VI

"REAL WORLD" EPHEMERIS

The geopotential described in Section IV and the accelerometer drag

profile described in Section V were used as force models together with the

initial conditions described in Section II. The gravitational attractions of the

sun and moon were also included to make the real world ephemeris as near to

the real world as possible. The integration was carried out over the same

20 revs as the model case.

Since the real world drag impulse was forced to agree on a rev-to-rev

basis with the model drag impulse, the nodal crossing times and positions for

the real world ephemeris should be close to those of the model ephemeris.

Table VI-i contains (in the same format as Table I-2) these conditions for the

real world ephemeris.

A computer listing of the ephemeris for the first two revs is included in

Appendix B.

4c



Table VI-1. Nodal Conditions for "Real World" Ephemeris

Nodal Crossing Time
(Mo/Day/Yr ' Position XYZ Velocity XYZ

Node \ (Hrr/Min/Sec/ (ft) (fp s)

0 2/29/80 - 1. 59387495E+7 6. 16441283E+3
22/30/0.0 1.5183 17 15E+7 6.00674669E+3

3.8419943 2E- 15 2. 363 12409E+4

1 2/29/80 -1. 59847865E+7 6. 14523022E+3
23/ 59/34. 86323 1. 51293060E+7 6.02755269E+3

-4. 34333501E-4 2. 36341645E+4

2 3/1/80 -1.60300679E+7 6. 12585377E+3
1/29/9..D7663 1. 50750883E+7 6. 04795515E+3

-9.00100265E-4 2. 36378708E+4

3 3/1/80 -1. 60754250E+7 6. 10597427E+3
2/58/42.47044 1. 50202680E+7 6. 06962440E+3

-3.72571321E-4 2. 36415889E+4

4 3/1/80 - 1. 61214667E+7 6. 08564728E+3
4/28/15.08251 1.49650787E+7 6. 09052957E+3

7. 13800964E-5 2.36449662E+4

5 3/1/80 - 1. 61672548E+7 6.06617102E+3
5/57/47.03614 1.49094396E+7 6. 11093468E+3

-i.45264228E-3 2. 36485783E+4

6 3/1/80 - 1. 62122626E+7 6. 04648130E+3
7/27/ 18. 19338 1 .48543354E+7 6. 13218703E+3

2. ')7 1127821-'- 5 2. 3652257 1E+4

7 3/1/80 -1.62571392E+7 6.02720411E+3
8/56/48. 50253 1.479889531,'+7 6. 15384 146E+3

- 1.44689247E-3 2.36551 I01E+4

8 3/1/80 -1. 03017930E+7 6. 00754) 7 E -3
10/26/17. 98143 1.474346251.2+7 6. 175104731,43

-9.239280791- 5 2. 365844 12E+4

9 3/1/80 - I. 63463181,E 47 5. '987523 10F+3
11/55/46.64434 1. 46883472L-l 6. 196104Q51: *3

-1.658423351'C-3 2. 3661;671E -4
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Table VI-1. Nodal Conditions for "Real World" Ephemeris (Continued)

Nodal Crossing Time
[Mo/Day/Yr Position XYZ Velocity XYZ

Node \Hr/Min/Sec/ (ft) (fps)

10 3/1/80 - 1. 63910809E+7 5. 967 15899E+3
13/25/14.56680 1.46329058E+7 6.21640000E+3

-3. 17691850E-4 2.36645896E+4

11 3/1/80 - 1. 64355506E+7 5. 94617 177E+3
14/54/41.66063 1.45773503Ei7 6.23661260E+3

-2.74429165E-4 2. 36677299E+4

12 3/1/80 - 1. 64803676E+7 5.92479582E+3
16/24/8.03161 1. 45214059E+7 6. 25703989E+3

- 1. 76019997E-3 2. 36702724E+4

13 3/1/80 -1.65248092E+7 5. 90404820E+3
17/53/33. 60059 1.44654088E+7 6. 27813694E+3

1. 48863 7 18E-4 2. 36727759E+4

14 3/1/80 -1.65687151E+7 5. 88415436E+3
19/22/58. 32904 1.44090721E+7 6. 2q9Z247 8E+3

2. 9533 1619E-6 2. 36757447 F-+4

15 3/1/80 -1.66112750E+7 5. 86433410±+3
20/52/22. 17168 1.43525901E+7 6.32034-803E+3

-2. 52707804E-4 2.36787538El-4

16 3/1/80 -1. 6655 18051:+7 . 844 32(6Q)F 3
22/21/45.07135 I.'*2Q59754E+7 0.34130:7E-'+3

-9.01314653E-4 2.36821387F f4

17 3/1/80 - 1. 66982314E1>7 1, 823O00063TE -3
23/51/7.11635 1.42396118E+7 6.36152460±+3

-1.36532782I.:-3 2.368 11Q7VF;4

18 3/2/80 - 1. 67405388E>7 %. 80307u) 17 E,: -3
1/20/28.39917 1.41829899E+7 6. 38107658Ef3

- 1. . 3762579E--3 2. 3,88') 368 K +4

lq 3/2/80 - 1. 67827 649E+7 ;. 781 qt47631 13
2/49/48.79290 1.4 12585331-,17 ,. -40182,)833F: +3

-9. 029006111E-4 2. 3)928 1401. 4-4

20 3/2/80 - 1. 68255872E+7 5. 75 (67 512F 3
4/19/8. 28148 1. 40682145E+7 6. 422077 lt 1 +3

- 9. 47885195E-4 2. 3,'6 64 '1)38 F 4
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SECTION VII

COMPARISONS OF "MODEL" AND "REAL WORLD" EPHEMERIDES

A trajectory difference run, similar to those described in Section IV,

was made for the model and the real world ephemerides. Figures VII-la,

b, and c depict the radial, in-track, and cross-track differences, respectively.

The radial difference plot shows a 1-rev periodicity whose anmplitude grows

with time to approximately 3300 ft by rev 20. The in-track difference plot

also shows a I-rev periodicity with maximum amplitude about 5000 ft and a

secular terin which grows about 750 ft/rev. Much of this secular growth

can be attributed to the differences in GM between the two geopotentials
3 2(the model GM is 1.4076538841E+16 ft /sec , while the real world GM is

1.4076468597E+16 ft 3/sec2). The cross-track difference plot shows a clear

1-rev periodicity and modulation at sonme nmultiple nuiniber of revs. The

maximum amplitude is about 800 ft; no secular growth is discernible.

To further illustrate the differences between the model and real world

ephernerides, the latitude, longitude, and altitude at selected perigees through-

out the 20-rev span are shown in 'L'able VII-I.

From the foregoing, it is reasonable to conclude that the real world

ephemneris is in a sense representative of the real %vorld. It is pJrceI)bly not

as complex as the actual real world, but it is sufficiently miore complex than

an ephenmeris generated by conventional models for the purpjose a,. hand. The

difference run just discussed indicates that the real world ephcene ris could

not readily be reproduced by t',nventional mnodelino tec hniques.

The content and format of the final data tape telive rd t. -,ntractors

is discussed in Appendix C.
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Table VII-1. Selected Perigees from "Model" and 'Real World'
Ephemerides

Perigee "Model" 'Real World"

I LAT 45. 178686510 LAT 45. 161789650

LONG 193.336371810 LONG 193.32125882'

ALT 81.36217 n mi ALT 81. 36947 n mi

5 LAT 45. 67476127 0 LAT 45.72686Q73'

LONG 104. 69701390 0 LONG 104.740140370

ALT 81.36473 n mi ALT 81.46190 n mi

10 LAT 46.383362560 LAT 46.44256510°

LONG 354. 067926720 LONG 354. 117808090

ALT 81. 16635 n mi Al,1 81.441()4 11 n i

!5 LAT 46. 83655%'44 0  LAI -6.40.78;7-,'

LONG 2.13. 3025360.1 0.0 2- . .. 1 -10

ALTF 80.79841 n ii AI.i 81. 1. n i

20 LAT -I7.'l8t27 ' I.A 1 -7..4 2 ()7 .*4

LONG 132. 81 () 07 27 1A 132. 7t, 37 (1 ,P

ALT 80. '-4 q '62 n nmi Al, 1 81. 12T4h() n o l
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GROUND TRANCE OF. TIILE ODLEPIMK1
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APPENDIX B

TIME HISTORY OF "REAL WORLD" EllHEMERIS;

REVS 0 THROUGH 2
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The real world data tape was generated on Control Data Corporation

(CDC) 6000 series machines. It is an unlabeled binary tape written in odd

parity at a density of 556 bpi.

A seven-track non-return-to-zero (change-on-ones) recording scheme

is used. Magnetic particles on the tape are aligned in either the positive or

negative direction. A binary "1" is recorded by reversing the alignment

(polarity); no polarity reversal results in a '0."

A frame of tape data consists of one 6-bit data character and one parity

(check) bit for each character. Tracks 0 through 5 specify the characters

while track 6 holds the parity bits (see Figure C- 1). In binary

BINARY TRACK
NOTATION

800 BPI= 00025
556 BPI=OOOI8(OOO36) 8CD TRACK
200 BPI=0005(0.01) NOTATION

TAPE MOTION

l1lilu1 11 1 0 i 111111

I ,1111111 111111 1111111 A

TRACK 0.048 llIilg .-.-.
(READ)0.032 DETAIL ý

OXIDE SIDE UP ON DIAGRAM, RECORDING 'LONGITUDINAL
HEAD ON SAME SIDE AS OXIDE. CHECK CHAR GAP

200 BPI : 0.02(004)
556 BPI : 0.0074(0 0148)
800BPI: 001

l'igure C(- h ,it Assigm r ients on 'l.ipe

format, the parity bit is chosen so that the total mlUnbe r of " 1) 'is in a;Iv

line is odd. Additional information ofn Iche CDC( It pe p,)c, ssinl h .i'-,1 ;ar

and procedures is available in C(I)(D Publication No. 601; ( 01)0.

C- I



CDC employs a 60-bit floating point word; its format is shown in

Figure C-2. Floating point arithmetic takes advantage of the ability to

COEFFi,.ENT BIASED INTEGER
SI GN EXPONENT COEFFICIENT

43

5958 48 47 0

BINARY
POINT

Figure C-2. Floating Point Format

express a nunmber as kB n, where k = coefficient, B z base number, and

n __ exponent. The base number is constant (2) for binary-coded quantities

;tnd is not included in thp general format. The binary point is considered to

ie to the right of the coefficient, thereby providing a 48-bit integer coefficient,

the equivalent of about 14 decimal digits. The sign of the coefficient is car-

ried in the highest order bit of the packed word. Negative numbers are

expressed in one's complement notation. The 11-bit exponent carries a bias

1 2 0(20008) when packed in the floating point word. The CDC procedure used

in floating point arithmetic is described in CDC Publication No. 60100000.

The tape contains one file which consists of 216 records. Each record

contains 501 words; each word is 60 bits.

'he first word in each record is a bookkeeping word; it is an integer

quantity equal to the number of data words in that record. Since there are ro

short records on this tape, this word is always the integer 500. The remain-

in•z 500 words are segmented into 50data frames of 10 words each. Table C-1

gives the ordering and units of the 10 data words.

All position, velocity, and acceleration components are given in an

K( coordinate franme. The X axis of this coordinate system is pointed

toward the nmean equinox of date at 0 hr (GMT of the (late of epoch. The X

and Y axes form the plane of the true equator at epoch. The Z axis is

perpendicular to the true equator at epoch. The set is right handed, with

Y lyingl cast of X and Z' bcinrg positive north.

C- 2



Table C-I. Data Frame Format

Word Quantity Description and Units

I time Time, sec from epoch

2 X

3 Y ECI vehicle position, ft

4 z

5 X

6 Y ECI vehicle velocity, fps

7 Z

8 XD

9 YD ECI total atmospheric drag acceleration, ft/sec2

io Dt0 ZD

The data rate on the tape is one data set for each 10 sec. The first time

on the tape is 0 sec; it corresponds to the epoch time of 22 hr 30 mnin 0 sec

GMT on 29 February 1980. The last time on the tape is 107990 sec.

i
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